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R E S E A R C H  A R T I C L E
Weighting effective number of species measures by abundance 
weakens detection of diversity responses































5.	 Synthesis and applications.	 Species	 diversity	 is	 valued	by	many	human	 societies,	
which	often	have	policies	designed	 to	protect	and	 restore	 it.	Natural	 resources	
managers	and	policy	makers	may	use	species	richness	and	diversity	indices	to	de-
scribe	the	status	of	ecological	communities.	However,	these	traditional	diversity	
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&	Fewster,	 2005;	Pereira	&	Cooper,	 2006).	One	 important	 aspect	
of	 biodiversity	 is	 species	 diversity	 –	 the	 variation	 in	 the	 numbers	
and	relative	abundances	of	species	 in	a	community	 (Chao,	Chiu,	&	
Jost,	 2014;	 Gaston,	 1996;	 Simpson,	 1949).	 Historically,	 different	
indices	 (see	Hurlbert,	 1971;	 Patil	 &	 Tallie,	 1982;	 Peet,	 1974)	 have	
been	 used	 to	 quantify	 species	 diversity,	 assess	 effects	 of	 human	




































2,	where	pi = ni/N, ni	=	the	abundance	of	species	i,	and	N	=	the	
total	 number	 of	 individuals	 in	 a	 sample.	 Its	 ENS	 is	 calculated	 as	
1/D.	 Jost	 (2007)	 also	 found	 that	 a	 single	 framework,	 λ	=	∑(pi)
q,	
with	ENS	defined	 as	λ1/(1−q),	 provided	 a	unified	way	 to	 represent	
both	SR	and	many	diversity	indices.	The	coefficient	q	controls	the	
weights	of	common	and	rare	species	in	ENS	characterizations	(e.g.,	
q	=	0	 for	 SR,	 q	 converging	 to	 1	 (q →	1)	 for	 the	 Shannon–Wiener	
Index	or	H′,	and	q	=	2	for	Simpson	D).	Changing	q-	values	produces	
a	family	of	Hill	Numbers.	Theoretically,	ENS-	based	measures	pos-
sess	two	other	important	properties:	(a)	they	allow	α and ß diver-
sity	 to	vary	 independently	 from	one	another	across	 regions	with	
different	 gamma	 diversities	 and	 (b)	 a	 given	 ENS	 value	 denotes	
the	 same	amount	of	 diversity	 so	 that	 the	within-	community	 and	
among-	community	 components	 can	 be	 directly	 compared	 (Jost,	
2007).	Because	of	these	strengths,	ENS	measures	have	been	gen-




and	 they	 can	 be	more	 easily	 adjusted	 for	 under-	sampling	 (Chao,	
Gotelli,	et	al.,	2014).	These	properties	of	ENS	should	provide	more	
interpretable	 and	 comparable	 assessments	 of	 biodiversity	 com-
pared	 with	 SR	 and	 indices	 such	 as	 Shannon's	H′	 and	 Simpson's	




















associations.	 Answering	 these	 questions	 will	 help	 identify	 which	
ENS-	based	 measures	 provide	 sensitive,	 consistent,	 interpretable,	
and	comparable	assessments	of	species	diversity	for	use	in	biodiver-
sity	monitoring	and	conservation	planning.
K E Y W O R D S
biodiversity,	disturbance	simulation,	diversity	measures,	effective	number	of	species,	Hill	
numbers,	macroinvertebrates,	species	richness,	streams	fish
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2  | MATERIAL S AND METHODS
We	used	three	datasets	to	evaluate	the	behaviour	of	SR	and	other	
ENS	 measures.	 The	 first	 dataset	 describes	 the	 response	 of	 five	


















composition	 (Jaccard	 Coefficient	=	0.43–0.61),	 evenness	 (Pielou	









cause	 of	 our	 limited	 understanding	 of	 the	 individual,	 population,	







(TV)	 as:	 Yij=Xj[1−Ci(1−TVj)],	 where	 Xj	=	the	 original	 abundance	





alent	 to	 the	 optima	of	 species	 along	 a	 generalized	 gradient	 of	 en-

















provide	 insights	 into	 the	 responses	 of	 common	 and	 rare	 species	
to	 increasing	 stress	 as	 previously	 suggested	 (Morris	 et	al.,	 2014).	
We	 also	 documented	 how	 overall	 assemblage	 tolerance	 changed	
with	 increasing	 stress	 by	 calculating	 the	 average	TV,	measured	 as	
∑(TVj × ni)/N,	at	the	11	stress	levels	for	each	assemblage.
2.2 | Regional relationships between two types of 



















To	 answer	 question	 1	 (response	 to	 known	 assemblage	 alteration),	
we	calculated	ENS	values	at	11	q	values	(0–2	at	0.2	intervals)	from	






ent	across	assemblages,	 in	which	case	 the	ENS-	stress	 relationship	
would	be	considered	general	and	independent	of	initial	assemblage	
composition.
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To	answer	question	2,	i.e.,	relationships	with	natural	environmental	















measures	 and	 the	 %MSEI	 associated	 with	 each	 candidate	 predictor	
variable.	A	 high	 and	 positive	 correlation	means	 the	 importance	 of	 a	
variable	in	predicting	ENS	increased	with	q-	value,	and	vice	versa.
3  | RESULTS













of	 the	 top	 5	 dominant	 species	 in	 the	 original	 assemblages	 (C	=	0)	
were	highly	 sensitive	ones	 (mean	TVs	=	0.41–0.51),	 and	 they	were	
replaced	 by	much	more	 tolerant	 species	 (mean	 TVs	=	2.1–4.95)	 at	
the	highest	stress	level	(C	=	2).
We	 also	 found	weakly	 negative	 correlations	 between	 species’	
TVs	and	relative	abundances	at	C	=	0	(−0.19	≤	r	≤	−0.11),	indicating	
that	neither	abundant	nor	 rare	species	were	consistently	sensitive	





3.2 | ENS responses to assemblage alteration
The	 response	 of	 ENS	 values	 to	 the	 simulated	 stress	 strongly	 de-
pended on q	 (Figure	1).	SR	(ENS	at	q	=	0)	gradually	decreased	with	
increasing	 stress	 in	all	 assemblages	 (−0.98	≤	Spearman	 rs	≤	−0.89).	
However,	 as	 q	 increased,	 ENS-	stress	 relationships	 increasingly	 di-
verged	 from	 one	 another	 across	 the	 five	 assemblages	 (Figure	1,	





ENS-	environment	 relationships	 were	 strongest	 at	 q between 
0.0	and	0.2	for	both	fish	(pseudo-	R2	~0.36)	and	mussel	datasets	
(pseudo-	R2	~0.52).	Pseudo-	R2	steadily	declined	to	~0.11	for	fish	
































S1),	 but	 empirical	 assessments	 of	 the	 behaviour	 and	 comparabil-
ity	of	ENS	measures	has	 lagged	behind	theoretical	developments.	
In	 this	 study,	we	showed	 that	ENS	measures	may	not	be	as	com-
parable	 across	 assemblages	 or	 as	 interpretable	 as	 expected	 from	
theory	 in	 their	 response	 to	 either	 disturbance	 or	 environmental	














ENS	measure	 used.	 As	 Cao	 and	Hawkins	 (2005)	 illustrated,	 simu-
lated	stress	caused	both	heavy	 losses	of	 the	most	sensitive,	often	
initially	 abundant,	 species	 and	 substantial	 shifts	 in	 overall	 species	
composition.	In	this	study,	we	further	showed	that	increasing	stress	
greatly	 increased	dominance	by	 insensitive	or	tolerant	species	and	






























































































ENS+	 also	 can	provide	 information	 that	SR	does	not	when	 the	
relative	 abundances	 of	 species	 in	 an	 assemblage	 change	 without	
species	 loss,	which	may	occur	 in	 the	early	stage	of	eutrophication	









the	same,	 increases,	or	decreases	 (but	most	 likely	 less	 than	SR)	as	
showed	 in	 Figure	1.	 Some	 have	 suggested	 ENS	 profiles	 can	 show	
how	abundant	or	rare	species	jointly	respond	to	stress	(e.g.,	Morris	
et	al.,	 2014).	 However,	 that	 is	 possible	 only	 if	 (a)	 one	 abundance	
group	 is	 more	 tolerant	 or	 sensitive	 than	 the	 other	 and	 (b)	 stress	











We	note	 that	 the	 response	of	high-	q	ENS+	measures	based	on	





































































     |  7Journal of Applied EcologyCAO And HAWKInS
small	 sample	 sizes	 generally	 responded	 to	 stress	 similarly	 as	 true	
values,	but	they	were	even	less	consistent	among	assemblages	and	




is	 largely	 driven	 by	 environmental	 heterogeneity	 (Guégan,	 Lek,	 &	
Oberdorff,	1998;	Hawkins	et	al.,	2003;	Tews	et	al.,	2004).	Moreover,	
Molinari	 (1989)	goes	 so	 far	 to	argue	 that	 the	 relevancy	of	 species	
diversity	measures	should	be	judged	on	the	degree	to	which	they	are	
correlated	with	environmental	variables.	The	reduced	R2	for	ENS+-	
environment	models	 that	we	observed	with	 increasing	q	 (Figure	2,	









species	 to	 environmental	 variability.	 Weak	 associations	 between	






4.3 | Richness, evenness, and diversity
The	reasons	different	forms	of	ENS	respond	differently	and	incon-
sistently	 to	 stress	 and	 environmental	 variation	must	 be	 rooted	 in	








decrease,	 neutral,	 and	 vary	 in	 the	 shape	 (linear,	 nonlinear)	 of	 the	
response	(Mackey	&	Currie,	2001).	Thus,	the	response	of	different	
ENS+	measures	 to	stress	 is	 likely	 to	be	assemblage-	specific,	as	we	
observed	in	this	study,	because	assemblages	can	naturally	differ	in	
their	species	abundance	distributions.
The	 initial	 evenness	 of	 species	 abundances	 and	 how	 different	
species	 specifically	 respond	 to	 stress	 and	 environmental	 variation	
appear	 to	 differentially	 influence	 different	 ENS	 measures.	 In	 gen-






















We	 recognize	 the	 limitations	 in	 drawing	 general	 inferences	
from	 either	 simulations	 or	 field	 correlations,	 and	 our	 results	 may	
not	be	applicable	 to	all	 types	of	stress,	 taxonomic	groups,	or	hab-
itats.	 However,	 useful	 species-	diversity	measures	 need	 to	 behave	
as	ecologists	intuitively	expect	them	to	under	most	situations,	and	
our	 results	 showed	 that	ENS+	measure	do	not	meet	 this	 expecta-






understanding	 relationships	 between	 biodiversity	 and	 ecosystem	
functions.	 We	 worry	 that	 uncritical	 acceptance	 and	 use	 of	 ENS+ 
measures	may	actually	distract	research	efforts	from	real	challenges	





parisons	 across	 space	 and	 time.	 One	 possibility	 is	 to	 measure	 the	




































and	 differentially	 sensitive	 to	 richness	 and	 evenness	 as	 in	 ENS+ 
have	limited	practical	application	for	most	biodiversity	monitoring	








a	measure	 of	 species	 diversity	 is	 its	 strong	 dependence	 on	 sam-
pling	 effort.	 Comparability	 of	 SR	 estimates	 can	 be	 improved	 by	
either	adopting	standardized	sampling	procedures	or	making	post-	
sampling	statistical	adjustments.	Standardizing	sampling	effort	on	




sampling	effort,	 rarefaction	techniques	will	 likely	 remain	 the	best	






changes	 in	 species	 abundance	 distributions	 and	 community	 com-
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